The temperature and smoke components distributions inside a burning cigarette have been briefly reviewed. Then, focusing on our mathematical model to explain the natural smoldering mechanism of a cigarette and new mathematical models recently published by other authors, an approach to modeling a burning cigarette has been outlined. It has been more than forty years since modeling the burning process of a cigarette was first attempted. Although the modeling work, which has been adopted as a means to research the burning mechanism of a cigarette, has seen a certain degree of progress in the last forty years, almost all mathematical models published are restricted to a burning cigarette under a free convection or a steady draw condition. No realistic model has been published yet to explain the processes occurring inside a burning cigarette under an intermittent puffing cycle. 
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INTRODUCTION
It is considered to be important to develop a systematic understanding of the mechanisms of the combustion and smoke formation processes occurring inside a burning cigarette in order to design cigarettes. Research into the combustion and smoke formation processes of cigarettes progressed considerably from the 1970s up to the mid 1980s, and our scientific knowledge regarding the complicated physical and chemical processes occurring inside a burning cigarette increased greatly during this period. The progress made owes much to the work conducted by BAKER at British American Tobacco in Southampton. Progress made in terms of research in these fields, including modeling studies of the burning process, after the 1970s has been reviewed frequently (e.g., [1] [2] [3] [4] [5] [6] . In this paper, the temperature and smoke components distributions in a burning cigarette will be briefly reviewed. Then, focusing on our mathematical model to explain the natural smoldering mechanism of a cigarette and new mathematical models recently published by other authors, an approach to modeling a burning cigarette will be outlined.
TEMPERATURE AND SMOKE COMPONENTS DISTRIBUTIONS
Since both the combustion and smoke formation processes are highly dependent on the temperature distribution within a burning cigarette, the first step in the study began in many cases with the measurement of the burning temperature. Consequently, many papers associated with temperature measurement have been published (e.g., 7-13). BAKER (12,13) measured the temperature distributions of both the gas and solid phases inside a burning cigarette under a steady draw condition and during an intermittent puff cycle as shown in Figure 1 . Solid phase and gas phase temperatures were measured with an infrared transmitting fiber optic probe and a small thermocouple, respectively. BAKER also measured the distributions of low molecular weight gases within a burning cigarette during an intermittent puff cycle (14) following the measurement of those exposed to steady draws (15, 16) , as shown in Figure 2 . A sample probe coupled directly to a mass spectrometer or carbon monoxide meter was used for the measurement. Then, such probe studies were extended to the sidestream plume (17) and to major semi-volatile products (18) . Through a series of these studies, the regions in which major gases, semi-volatile smoke constituents and the sidestream smoke plume were formed inside or above the burning cigarette, and how these regions varied during the smoking cycle, were determined. Since these results have been reviewed comprehensively (1-3, 6), a more detailed explanation about those will be omitted.
CIGARETTE BURNING MODELS PROPOSED BY THE LATE 1980s
Mathematical models (19) (20) (21) (22) (23) (24) (25) (26) (27) of a burning cigarette proposed by the late 1980s are summarized in Table 1 . Much of the significant progress in the mathematical modeling of the burning cigarette was made in the mid 1970s to early 1980s. These models incorporated some principal parameters controlling physical and chemical processes such as pyrolysis and combustion accompanied by the generation of smoke and heat. Since (i) these models have been reviewed comprehensively (1, (3) (4) (5) (6) , (ii) the main part of our mathematical model (25) to explain the natural smoldering mechanism of a cigarette was written in Japanese, and fortunately (iii) our model does not seem to be outdated yet though it was published more than 20 years ago, our mathematical model (24, 25) will be outlined. The extensive studies (15, 16, (28) (29) (30) conducted by the late 1970s demonstrated that the interior of the burning zone of a cigarette is oxygen deficient and can be effectively divided into two regions: the endothermic distillationpyrolysis zone and the exothermic combustion zone, as illustrated in Figure 3 . These results prompted us to draw up a simplified scheme of the major processes inside a burning cigarette (25) , as shown in Figure 4 . When the tobacco is heated, moisture and volatile components are first vaporized or distilled. Pyrolysis of the tobacco components then occurs, and various volatiles are generated, leaving a tobacco char. This is termed the distillationpyrolysis process. In a further process, the char is oxidized by oxygen and leaves ash. The oxidation of the char generates heat and gaseous products such as carbon oxides. This is called the combustion process. Some of the heat generated in this process is transferred back to the distillation-pyrolysis zone, which forms a self-sustaining smoldering cycle of the cigarette. This is called the heat transfer process. Thus, the major burning processes of the cigarette are regarded as consisting of these three basic processes. 
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The supply of oxygen to the combustion zone is governed by free convection between puffs and by forced convection during puffs. The heat transfer back to the distillationpyrolysis zone depends on the effective thermal conductivity of the tobacco column between puffs and forced heat convection during puffs. During a puff, therefore, a large quantity of oxygen is supplied to the combustion zone. This results in promotion of the oxidation of the char and the generation of heat energy. Since the heat generated is effectively transferred to the unburnt tobacco by forced heat convection as a hot wind, the distillation-pyrolysis process is also promoted during a puff. Consequently, the burning rate and peak temperature rise remarkably during a puff, and hence the amount of tobacco consumed and smoke formed significantly increase at this time. The differences in the peak temperature, the rate of the oxygen supply, and the heat transfer should affect the smoke composition of the mainstream smoke produced during a puff and the sidestream smoke produced mainly between puffs. According to this scheme, we developed a one-dimensional mathematical model for the distillation-pyrolysis zone (24) and a two-dimensional mathematical model for the combustion zone (25) that explain the mechanism of the natural smoldering of a cigarette. These models were based on the experimental results and the postulated smoldering mechanism of a cigarette as follows: 1) Endothermic evaporation of water from tobacco shreds following a mass-transfer and rate-determined process (distillation-pyrolysis zone) 2) Four pyrolysis reactions of tobacco shreds expressed by n-th order Arrhenius kinetics, which yield volatiles leaving a char (distillation-pyrolysis zone) 3) Two oxidation reactions of the char expressed by n-th order Arrhenius kinetics, which yield gases, leaving ash and generating combustion heat proportional to the oxygen consumption (combustion zone) 4) Weight loss due to evaporation, pyrolysis and oxidation (distillation-pyrolysis and combustion zones) 5) Two-dimensional configurations of the combustion zone, i.e., radial variations of temperature, density and oxygen concentration as well as longitudinal variations (combustion zone) 6) Oxygen supply to the outer surface of the combustion zone by free convection and diffusion of the oxygen from this point to within the combustion zone (combustion zone) 7) Internal heat transfer characterized by effective thermal conductivity consisting of thermal conduction and radiation (distillation-pyrolysis and combustion zones) 8) Heat loss attributable to free convection and radiation from the outer surface of the cigarette (distillationpyrolysis and combustion zones) 9) Thermal equilibrium between the gas phase and the solid phase (distillation-pyrolysis and combustion zones), and 10) Boundary of the distillation-pyrolysis zone and combustion zone corresponding to the paper char-line, i.e., the bottom of the combustion zone that was defined by the completion of the pyrolysis of cellulose constituting tobacco (distillation-pyrolysis and combustion zones). The two-dimensional model for the combustion zone was the first attempt to accommodate the radial variations for the combustion coal of a burning cigarette. The heat and mass transfer phenomena in both the distillation-pyrolysis and combustion zones of a naturally smoldering cigarette were expressed through a set of simultaneous ordinary or partial differential equations, respectively. These two models were merged at the paper char-line under the following condition: that the heat flow required in the distillation-pyrolysis zone and that supplied from the combustion zone to the distillation-pyrolysis zone were balanced. The set of simultaneous differential equations was solved numerically assuming given reasonable initial and boundary conditions and physical parameters. Most of the input parameters were measured experimentally. The predicted smoldering rate and peak temperature were approximated (25) to the experimental results (25) , as shown in Table 2 .
Comparison of predictions with experimental results for temperature distribution and shape of the combustion coal are illustrated in Figure 5 . Close agreement between predictions and experimental results was obtained. The effect of the individual parameters such as the radius and packing density of cigarettes on the smoldering features could be predicted quantitatively based on the proposed model. Agreement between predictions and experiment results was very good for most parameters. This model, however, was too sensitive for the parameters relating to oxygen transfer, and it did not include parameters for the properties of cigarette paper affecting the smoldering features.
CIGARETTE BURNING MODELS PROPOSED RECENTLY
Research into the combustion and smoke formation processes within cigarettes decreased from the mid 1980s onwards. Reports related to this area of research, however, seem to be increasing recently. These reports include research into the propensity of a cigarette to ignite upholstery or the ignition mechanism of cellulosic fabrics by a naturally smoldering cigarette in relation to the "Fire Safe Cigarette" (e.g., [31] [32] [33] [34] [35] Table 3 . MIURA (41) recently presented new findings about the role that the cigarette paper plays in a burning cigarette. It has been recognized that the rate of oxygen supply to the burning zone of cigarette by the diffusion through the cigarette paper depends on oxygen diffusivity through the virgin cigarette paper and directly influences the smoldering rate (2, 42) . MIURA, however, showed that oxygen diffusion coefficient through the virgin cigarette paper is not related to the oxygen supply in a smoldering cigarette, and concluded that oxygen diffusivity through the cigarette paper was not the only factor to control the smoldering rate of the cigarette. Then, MIURA et al. (36) focused on the burning near the paper char-line of a naturally smoldering cigarette. The authors characterized the propagation of natural smoldering by an intermittent flash burn of the cigarette paper observed at the cigarette periphery and concluded that the smoldering rate is determined predominantly by the time required for re-igniting the charred cigarette paper and that cigarettes with a higher smoldering rate exhibit a higher increase in temperature of the charred cigarette paper. Assuming that burning at the periphery controls the propagation of the natural smoldering, and that the interaction between tobacco shred and cigarette paper plays an important role in the smoldering, the authors proposed a propagation model for the periphery of a naturally smoldering cigarette, as illustrated in Figure 6 . The mathematical model consists of heat transfer equations for the cigarette paper and the tobacco shred. The predicted temperature variation of the paper char-line agreed reasonably well with the measure one. The model demonstrated that the thermal properties of the cigarette periphery are the dominant rate-limiting factors of natural smoldering. However, the smoldering rate was measured for a cigarette positioned vertically but not horizontally, and the proposed model did not directly predict the smoldering rate. A naturally smoldering model for a cylindrical carbonaceous porous medium including cigarette was presented by YI et al. (37) to elucidate the mechanism of smoldering. The smoldering process of the cylindrical medium was segregated into two reaction zones -a pyrolysis zone and a combustion zone. Two independent models were developed: a steady-state two-dimensional model for the pyrolysis zone resulting in char formation, and a steady-state twodimensional model for the combustion zone, i.e., char oxidation. The interface temperature between the two zones is defined as the temperature at which the pyrolysis is complete or the residual char ignites, which can be determined experimentally. In their models, our one-dimensional model for the pyrolysis zone and two-dimensional model for the combustion zone (24, 25) mentioned above are broadly adopted with some modifications as well as the variable physical properties. The pyrolysis model proposed is improved by extending our model (24) to two-dimensions. Predicted temperature and density profiles at the centerline and outer surface in a pyrolysis zone agreed well with experimental profiles obtained by MURAMATSU et al. (24) . Predicted two-dimensional temperature contours of the combustion zone were extremely similar to those shown in the upper part of Figure 5 . Meanwhile, CHEN (38) proposed a one-dimensional mathematical model of a naturally smoldering cigarette where the cigarette is divided into two zones, the pyrolysis zone and the combustion zone at 450 C. The pyrolysis of tobacco and evaporation of water in the pyrolysis zone and the char combustion processes generating a large amount heat and producing a hot gas in the combustion zone are included in the model. Heat transfer inside the cigarette is characterized by effective thermal conductivity in each zone. Heat loss due to convection and radiation from the outer surface to the environment is considered. These processes were expressed by a series of differential equations concerning heat and mass transfers, which were solved by using an integral method. In this manner, the concept of his model also seems to be similar to that of our model (24, 25) in several ways. However, in his model the concentration of oxygen was not considered in the char combustion, and temperature profiles in the pyrolysis zone and combustion zone were given a certain function, respectively. The predictions of the temperature and density profiles in a naturally smoldering cigarette correlated well with the experimental results, as shown in Figure 7 . ROSTAMI et al. (39) developed a transient two-dimensional model of a naturally smoldering cigarette consisting of a set of partial differential equations concerning flow, heat and mass transfer. The model includes water evaporation, four pyrolysis reactions of tobacco and two oxidation reactions of char, similar to those in our model (24, 25) , in addition to distinct solid and gas temperatures, tobacco rod permeability and paper permeability. The computation captures the development of a steady-state combustion regime in which the smoldering front moves at a constant rate. Comparing the predictions with the experimental data on the smoldering rate, the peak solid and gas temperatures validated the model. The smoldering rate and temperature, coal shape, solid and gas temperature distributions, product yields, and tobacco density variation could be predicted from the computation. However, accurate comparison of predicted 
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and experimental results was not shown. The results are shown to be very sensitive to the oxygen diffusivity through the cigarette paper. This model has been extended to the burning process of a porous biomass fuel rod including a cigarette under a steady draw condition (40) .
CONCLUSION
It has been more than forty years since EGERTON et al. (19) first tried to model the burning process of a cigarette. Although the modeling work, which has been adopted as a means to research the burning mechanism of a cigarette, has seen a certain degree of progress in the last forty years, almost all mathematical models published are restricted to a burning cigarette under a free convection or a steady draw condition. No realistic model has been published yet which explains the processes occurring inside a burning cigarette under an intermittent puffing condition. Such a model would be useful for simulating the actual smoking of cigarettes; however, the development of the model will face unavoidable time-dependent features associated with puffing that will need to be dealt with. I expect that models involving time dependent features and lack of thermal equilibrium between solid and gas phases, such as those proposed by LAWSON and NORBURY (26) , and ROSTAMI et al. (39) , respectively, will serve as steps toward extending the model development to an intermittent puffing condition.
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